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Utilization of the EBIS with RFQ Linacs*...-— .—— —- --.— —.

R. W. Haremand T. P. Wangler

Los Plamos National I.aboratory
Los Alamos, New Mex~cn 87544 USA

Summarv—...— —.

The radio-frequency quat?rupole (RFQ) is a new linear accelcl~ior struc-

ture in which rf electric fields are used to sim~lltancc)us]yfocus, hllnch, and

accelerate an ion !3cam. Since the RFQ ran provide !iLKmg focusing and adia-

baric hunching at IC,Wv~’lcicities,it c.111r.npturt’nlmost n]! of thu ions

extracted from an Electron Ih’nm lon %lurcc (EBJS) nt .~low ~oltii~~ ;IIICIarc(’l-

(sent”irmt~(l
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applications will be presented to emphasize this point and to clearlv delin-

eate tl]cadvantages of this combination. The adaptation of this combination

to synctlroLrons, synchrocyclotrons , cyclotrons (axial or radial injection),

and to llncar ~cceleraLors has been considered.

EBIS.—

The EHI.S,introduc(ld in 1967 by Donets at Dubna, 3 is now hefniq developed

in many lulJ,]raLoricsaround the world, as seen from these F’rocerdings. These

pro~rams have Ilsedor hope to USLI the h~ghly-charged ions from the E131S for

injrction into synchrotrons,
4,5 6 7

cyclotrons, or linac!;. TIIcIEBTS ~S alSO

hclnl: usrd for nromtc Fl}vsics c’xpcrimt’nts
R,9

nnd :“(Jrfusion-t’ncr}:yrelated
10

mllas~lr[’m(~nts. Th(lrciir~’milnv v:lrialions of LIIIS Inn source that have l>cr~n
11

rt’(.(’ntlyr(’vl(’wc(l ;In(lpr(’.s(’nt(’dat this work~tlop. TI)(Iptlrpnse of f-his

I);ll)t,ris not 10 (Iis(.(lss;Invn(~w(lt~v(,lo])mk’nt”in :1)(’l(trt)l)olo}~vof Il)is ion



confirmed the usefulness of this structure as a low-velacity accelerator, and

verified the beam dynamics and resonator design calculations. The success of

this (’fforthas generated great interest in the use of the RFQ, and various

applications of the RFQ as a low velocity accelerator have recently been

reviewed.14315 In this paper the general characteristics of the RFQ will be

briefly summarized qnd the designs that are of interest for EBIS utilization

will be detailed.

The RFQ uses rf transverse electric fields to locus ions traveling along

its axial region. Figure 1 is a schematic section of the RF’Qresonator. It

operates in a modified TE
210

mode in which the currents flow transvcrselv to

the z-axis. At any given time the voltages on adjacent pole tips are the

same value but opposite in sign, producing a quadruple focusing, or defocus-

ing force in .agiven t.rnnsv(~rscpliln~’. Onc-llalf CVCIC liiti?r IIIL*S(’ fOT(’12S

rt’vurse sign LO produce nn ovcra] 1 .stro!lgfrml]sinficff[!ct. Tllc focllsinK

forcr at any ~ivcn time is sj‘tiallv (.onlinuo[lsillOIl~ IIlt’ Z-ilXI$+. lf 111(’

pole Lips have a const;lnt radius, only a radla] foc[lsin~:L_orrois I)r[’srnt.

111 Fi~. 1, thr ])01(’ t ips 111’lv(’ a sinllsoi(ial-1 Ik(’ ~’;lri,lt ion illr:l[lil]:;.l{t~tw(~lln

Ll#L’X-pl;lnc’nnriy-pl:ln(’this vnri:lt[[m In r;l(lillsof tlICJIIoll”1IIJS[s sllill”t’(1

I)y(JA/~?,wilt.r~~,= V/C :111(I A fS III(I wilvrlon~tl] Of Ill{’ rf {’k(”il:ll[IJII. ‘]’1)is

:,)It”-tip mod~ll:llIon prflflIIIQ(I.slmy,ltldln.nl :Ir(”(’1(’r:ltIIIF,fi(l(l:i,in a~l(llt i(m 10

tl)l’ lr:lllsv~lrs~’10L”UG{I1KI1(’1(1.
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Since the radial focusing is obtained from the velocity-independent

electric force, the RFQ can operate at velocities below that of conventional

magnetically f~cused linacs. This permits adiabatic bunching of the ticinput

beam within the iinac by a gradual introduction of the longitudinal electric

fields, resulting in high capture and transmission efficiencies (~ 90%), even

at high currencs. Adiabatic bunching is not restricted to low energy in

principle, but Its application at high energies is prohibitive because of the

length required. Since the bunchin~ and accelerating functions are combined

in the RFQ such that the Id{ ‘1.11 ic Lunching occurs while the beam is being

.acceleratcd, the space. .,AL!limit of this structure is significantly greater

than for a conventional linac in which the beam is bunched before injection

into the accelerator. However, the high beam capture obtained with the RFQ

cap make the most effective use of ions oht.ainod from ●ny inn source, since

the space-charge limit of the strurtllre can hr lowered for low curreilt appll.-

cations thus rn:lkingthe’StruCtUT(! si~ortcr and more cfficl(’nt.



‘rt,e resonator and manifold geometry to provide rf power to the RFQ and

the beam dynamics and pole-tip design procedures for the RFQ have been pre-

16,17,18viously dcscriked. The resultc of the full-scale experimental test

conducted at Los .ilamos in 1980 have also been
19

presented. It should be

pointed out that these experimental results were in excellent agreement with

ttletheoretical calculations performed on thin structure, particularly near

the desig~ current for the system. In addition, the performance and reliabil-

ity of this system during many months of measurements gave credibility to the

use of this structure in the wide variety of applications thnt have been

20
planned or h~ve been discussed.

T!!(?11.13TS-RFQComl)~natinn. . . . . - . -.



Table I

RFQ Linacs for Use With an EBIS——

q 1A

f(MHL)

Wi(keV/nucleon)

Wf(McV/nurlcon)

t~(deg)

Es(MV/m)

V (kV)

ro(cm)

l,(m)

;’r~ (kW/m)

Tr;ln*mIsslon(Z)

K(,/ltl(norm:ll lztd)

1,1 (m)*

Medical
Linac..— .

0.5

440

10

1.5

-30

40.6

56

0.19

3.3

85

100

1■r)

2.1:)

Synchrotrons
Injector

0.4

440

20

2.0

-30

40.6

57

().19

(1.3

HH

9c)

1.12

3.15

Llnac
Injector

0.5

200

10

1.0

-30

25.7

61

0.32

2.’!

J?

9H

1.1”!,

Nuclear
~BiCS

0.25 to 0.5

200

12.5

1.0

-26 to -63

28.7

78

0.37

4.25

52

g~ to gg

1.26



but can serve as starting points in consideration of these systems. The

performance and efficiency of each one would improve in a final optimized

design.

The first example in Table I is the RFQ that has been designed for utili-

zat”LoII of the EBIS with the PIGMI technology. This combination of technologies

would provide the optimum low duty-factor heavy ion linac for the acceleration

of all fully stripped ions up to calcium (q/A = 0.5) for use in medical

therapy.
2:

In this accelerator the maxtium charge state (fully stripped) is

attained by the use of the EBIS; the maximum transmission through the linac

(~ unity) is attained by the use of the RFQ; and the maximum accelerating

gradient and efficiency are ettained in the high energy structures (within

the rf sparking limits) by the use of high frequencies and a low duty factor.

In addition, zhe low duty factor required for the accelerator is a perfect

match to the duty factor required in present EBISIS for the prociuctlon of

these ions. ‘rhjs low duty factor, comhinecl w~th the high energy gain u:cd in

this system minimizes the accelerator length, cost, and power consumption.

The results of a hrnm dynamics calculation with PARMTEQ for the ions il~jrctcd

into tht’ RFQ of this systcrn at 10 keV/nucl(lon nrr shown In Fig. 2. (h th~’

left side, the huiimrl~nr;lctc?rist~csare pl[~tted vcrslls cell n~lmhel. ‘lIICtop

plot shows tl’cI>ullcllingof 36(Yp,nrticlcs il]ltially distrihutcd uniformly in

ph:ISP (unl]illi~ht~d). I’l)cordin;ltr IS the ~il~ticlc phiIsc’ minus tl]c svllrllr(]nous

pllilsc. Thr bottom plo[s shows the p:lrticl(’energy minus thr synt:hronolls

cn~’rgy. in tll~.srplots, till’dotlt!d ljlll’sf:lvcItllrlorirtion of thCI zcrrnsp;lr~I

char}:e s(tp;lr:ltr lx. (Jn tll(l J-l};ht S[tl(’, tl)c x-v (Iistril]llt ion. ;IIIC1 [ II(I (ill(’rp,y

:Ind pll; I.s(’ slI(,cI r:l :lr~’ plot I {’(l for tll(~ I):lrt 1(.1(1s of [II(J (IIId of t)l~’ last (.(’11.
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Fig. 2. The calculated h[!arndynamics for q/A = 0.> ions in a 440 MHz RFQ.

frequency Is so large that tllccyclotron could hc injrcted w~th a beam that

is csscntlally dc from the R.FQ-EBIS cr)mhin:ttionby the use of a drift distance

aft:~r ihe RFQ to (ll](~w(Icbllncllingof the h(yilnl.

Since m:lny high- or mc!diurn-encrgv ~CCL!leTiltOr filcilitirs nave a 200-MHz

drift-tube lin.nc, tl~ethird example is il rcp{!at of tl}cfirst one, hiltat H

fr~’qu~!ncyof 200 MHz ins~-ead of 440 Mllz. This combination of F,BISand RFQ

could then I>G ~Iscd wiLII nn existing 200 MHz dt~llteron Iinnc for ;lrcf~lt.ration

o ! i.oils IIp t.o calci~lm for nuclcnr physics usc or for syncllrotron injection.



obtain ion beams from helium through uranium at 1.0 MeV/nucleon, with virtual-

ly all of the ions from the source captured and accelerated for injection

into anothe: accelerator or for use in experiments.

Recently, design studies have been initiated for using the RFQ as a

buncher for axial injection into a cyclotron. Preliminary results indicate

that greater than 90% of th~ ions from an EBIS with q/A = 0.5 could be bunched

into a cyclotron using an RPQ at the cyclotron frequency with an input energy

of about 1 keV/nucleon and an output energy of about 10-15 keV/nucleon. Su(”l)

an RFQ would simply be four insulated vanes driven by an externally resonant

rf system. This system would he simple to fabricate and would replace the

buncher and electrostatic optics used in Fresent axial injection beam lines

with an obvious improvement in the

The EBIS as an ion source for

27
current injected intu the cyclotron.

Conclusion..—. ..—.—

use with accelerators has obviously

become more realistic with the results reported iit this workshop from Lhc new

cryogenic versions. Combining the E131Swith the RFQ as the injector for a

syncllrotron, cyclotron, or linac makes the EBIS even more useful in arrclera-

tor applications since this combin.nti.onresults in an ideal match brtwccn tile

Ion source and ac(.t’lcrator. Since the RFQ can c.nptu:e all of the ions from

iin F,BIS (andcan opcr.atc over fIwide rtangcof duty factor and frcqu~’ncy. this

comhinntion sl)ould sce use as tllc?i.njectnr in illl i~ltl]rcl E13TShl~l) cn(:r}:y

accclerqtor appl irntions.
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